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ABSTRACT 


In  order  to  determine  the  validity  and  accuracy  of  Radar  Cross 
Section  (RCS)  predictions  for  thin  wires,  the  predictions  of  the  closed-form 
expressions  developed  by  Chu,  Tai,  Van  Vleck,  et  al.  ,  and  Ufimtsev  have 
been  compared  with  carefully  measured  backscatter  ed  RCS  vs  angle  of 
incidence  for  various  length  thin,  long,  cylindrical  conductors.  Further, 
the  prediction  of  an  open-form  numerical  analysis  based  on  the  Source 
Distribution  Technique  and  programmed  by  M.  B.  Associates  as  the  BRACT 
computer  program  was  also  compared  with  the  experimental  data. 

It  was  found  that  (1)  the  BRACT  computer  results  agree  with  experiment 
so  well  (within  ±1  dB  for  all  reliable  data)  that  it  may  be  used  with  great  con¬ 
fidence  for  any  length  thin  wires  and  can  be  used  as  reference  data  for  com¬ 
paring  with  the  predictions  of  the  closed-form  solutions;  (2)  the  results  of 
Chu  are  not  accurate  except  at  broadside  incidence;  (3)  the  results  of  Tai 
compare  favorably  with  data  up  to  kf  values  of  about  17  if  corrections  are 
made  to  the  approximate  formulas  to  correct  for  broadside  incidence;  (4)  the 
results  of  Ufimtsev  compare  well  with  experiment  for  all  kf  values  considered; 
and  (5)  the  results  of  Van  Vleck,  et  al.  ,  appear  to  be  very  accurate  for  all  k? 
values  considered  except  for  near  end-on  incidence.  In  a  separate  report  to 
be  published  soon  one  of  the  authors  of  this  report  (M.  Tavis)  has  shown  that 
this  deficiency  is  due  to  numerical  approximations  in  the  theoretical 
expressions. 
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I.  INTRODUCTION 


Interest  in  the  backscatter ed  Radar  Cross  Section  (RCS)  of  thin, 
long,  cylindrical  conductors  has  led  several  organizations  including  The 
Aerospace  Corporation  to  obtain  RCS  measurements  vs  angle  of  incidence 
for  various  length  thin,  long,  conducting  wires. 

Having  assembled  such  carefully  measured  RCS  data,  it  was  logical  to 
use  the  more  commonly  known  closed-form  theoretical  expressions  published 
in  the  literature  on  this  subject  for  comparison  purposes.  The  relatively 
simple  analytical  expressions  used  are  those  derived  by  Chu  (unpublished 
but  discussed  by  Van  Vleck,  et  al.  ,  in  Ref.  1,  and  used  in  Ref.  2),  by 
Van  Vleck,  et  al.  (Ref.  1),  and  Tai  (Ref.  3),'  and  the  known  expressions 
derived  by  Ufimtsev  in  relatively  recent  publications  (Refs.  4  and  5). 

The  purpose  of  this  technical  report  is  twofold.  The  first  purpose  is 
to  compare  the  predictions  from  the  four  theoretical  expressions  with  the  data 
over  a  wide  range  of  length-to-wavelength  ratios  in  order  to  establish  which 
theoretical  expression  possesses  general  validity  for  predicting  all  the  experi¬ 
mental  data  considered  and  to  within  what  accuracy.  The  second  purpose 
is  to  compare  with  the  data  the  RCS  predictions  obtained  by  using  a  computer 
program  specifically  designed  to  yield  the  RCS  of  thin,  not  necessarily 
straight,  conducting  wires. 


Equations  (21)  and  (22)  given  by  Tai  are  expressions  averaged  over  the 
polarization  angle.  In  order  to  recover  the  expression  before  the  averaging 
process,  multiply  Eqs.  (21)  and  (22)  of  Tai  by  8/3  cos^.  Moreover,  there 
is  a  misplaced  bracket  in  the  logarithmic  term  of  these  equations.  For  this 
reason,  the  corrected  forms  will  be  given  in  the  text  of  this  report. 
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II.  WIRE  DIMENSIONS  AND  RCS  DATA 


In  May  19  68,  an  RCS  experiment  on  thin  wire  configurations  was 
conducted  at  the  Radar  Target  Scatter  (RATSCAT)  Division  at  Holloman  Air 
Force  Base,  New  Mexico.  This  experiment  was  directed  by  J.  W.  Curtis 
and  L.  Martinez  of  The  Aerospace  Corporation.  A  thin,  straight  wire  was 
one  of  the  configurations  measured  under  this  effort.  The  radar  frequency 
chosen  for  the  straight  wire  experiment  was  450  MHz  (radar  wave¬ 
length  X.  =  2/3  rn).  Because  of  practical  limitations,  yet  desiring  to 
achieve  a  large  value  of  k#  (where  k£  =  Ztrll/X  and  -  L  =  total  length  of 
wire),  a  copper  wire  with  a  total  length  of  2.  48  rn  was  chosen,  i.  e.  ,  k£  =  11.7 

The  radius  of  the  wire  was  "a"  =4X10  ^  m  (15.  8  mil)  or  ka  =  2Tra/X-  =  3.  78 
.  3 

X  10  .  The  linearly  polarized  electric  field  vector  of  the  radar  was  chosen 

—  ►  ^ 

in  the  plane  formed  by  k  and  i  so  that  cos  ^  =  1  •  The  wire  located  in  the  far 
field  of  the  radar  was  mounted  on  a  very  low  RCS  support  (styrofoam  holder) 
such  that  -40  dbsm  cross  section  could  be  measured  with  a  signal- to- noise 
ratio  of  about  10  dB.  The  calibration  measurements  performed  on  known 
size  spheres  were  accurate  to  within  1  dB  of  the  predicted  RCS.  During  the 
RCS  vs  angle  measurement,  the  angular  accuracy  was  about  ±  1  deg. 
Subsequently,  the  measured  RCS  values  of  more  pieces  of  differing  length 
wires  became  available,  and  the  seven  almost  randomly  selected  data  for 
presentation  in  this  report  are  a  good  representation  of  reliable  RCS 
measurements  over  a  wide  range  of  k£  values,  where  the  radius  "a"  of  each 
wire  is  such  that  ka«l. 

The  measured  backscattered  RCS  data  in  decibels  relative  to  a  meter 
square  (dbsm)  vs  aspect  angle  (90  deg  at  broadside)  for  the  differing  length, 

thin,  metallic  straight  wires  are  shown  in  Figs.  1  through  7.  '  The  accuracy 
of  the  RCS  measurements  is  within  about  3  dB  at  the  peaks  and  degrades  at  the 


In  Fig.  7,  the  angle  6  is  zero  at  broadside  and  90  deg  at  grazing  incidence. 
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nulls  of  the  RCS  patterns  based  on  calibrating  spheres.  The  errors  in  the 
Avco  data  (Fig.  6)  are  larger.  The  angular  accuracy  is  about  ±1  deg.  The 
pertinent  parameters  of  each  experiment  are  given  in  Table  1. 


Table  1.  Experiment  Parameters 


Fig. 

Wavelength, 

Polar  ization3- 

-  .  .  . 

No. 

Source  of  Data 

m 

T  ransmit 

Receive 

ka 

k2 

1 

Lincoln  Lab 
(Ref.  6),  per¬ 
formed  by 

Sigma  Inc.  ,  Fla. 

0.  227 

Circular 

Circular 

4.  2  X  10"3 

4.  44 

2 

Lincoln  Lab 
(Ref.  6) 

0.227 

Circular 

Circular 

4.  2  X  10" 3 

9.2 

3 

SAMSO/ 

Aerospace 

Corp.  ,  per¬ 
formed  at 
RATSCAT 

0.  666 

Linear 

Linear 

3.  78  X  10~  3 

11.7 

4 

Lincoln  Lab^ 
(Ref.  6) 

0.227 

Circular 

Circular 

4.  2  X  10“  3 

13 

5 

Univ. 

Michigan 

Set  at 

1. 00 

Linear 

Linear 

3.  95  X10"2 

17 

6 

AvcoC 

0.  69 

Linear 

Linear 

9.  1  X  10"3 

34.  8 

7 

M.  B.  As soci- 
ates,  per¬ 
formed  at 

Sigma  Inc .  , 

Fla. 

Set  at 

1. 00 

Linear 

Linear 

0.  22 

45.  7 

3.  • 

Circular  Transmit  and  Receive  RCS  will  be  6  dB  below  that  of  Linear 
Transmit  and  Receive, 
b 

Lincoln  Labs  data  appears  to  be  somewhat  in  error  up  to  the  first  null, 
c 

Avco  data  is  several  decibels  in  error  due  to  experimental  difficulties. 


III.  THEORETICAL  EXPRESSIONS  AND  THE  SDT  COMPUTER  PROGRAM 


Tai's  expre  s sion  (Ref.  3,  Eq.  21)  for  the  backscattered  RCS  from  long 
thin  wires  with  kf  »1  and  ka  «  1  when  the  wire  is  nonre sonant  (namely  k  (  is 
not  equal  to  ,  n  =  1,  2,  3,  .  .  .)  is 


P(40 


sin(2k<!cose) 

sin  0  L 


1  - 


cos(2kH  )c  os  (2k#  cos  0) 
sin2kl? 


(1) 


The  expression  derived  by  Chu  (unpublished)  for  the  same  conditions  and 
referenced  by  Van  Vleck,  et  al.  (Ref.  1),  also  given  in  Ref.  2,  is 


PM 


"(f)  ♦ 


2 

sin  0 


[~ 


in(2kH  cos0) 


2cos0 


(2) 


where 

cr 

a 

2  a 

jgnx 

£nV 

k 


radar  cross  section 

radius  of  wire 

total  length  of  wire 

natural  logarithm  of  x 

0.  5772  or  Y  ~  1.78 
2t r 
\ 


5 


e 

P(+) 


aspect  angle  (0  =90  deg  at  broadside  incidence) 

polarization  angle,  defined  as  the  acute  angle  between_the 
incident  electric  field  vector  and  the  plane  defined  by  k  and  £ 

4 

cos  for  the  case  of  transmitted  linearly  polarized  waves  and 
received  in  the  same  direction;  for  random  polarization, 

-2tt 


P  = 

2. 


2T  J  cos  ^  =  I* 

o 


P(*4J) 

P(4») 


cos 


2 —  transmit  linear,  receive  right  or  left  circular 
=  -^transmit  right  or  left  circular,  receive  right  or  left  circular 


To  test  the  validity  of  the  theoretical  expressions  for  thin,  long  wires 
of  infinite  conductivity,  the  parameters  of  the  copper  wire  used  at  the  RATSCAT 
Center  were  inserted  in  the  expressions  Eqs.  (1)  and  (2),  with  P(40  =  1,  and  the 
predicted  cross  sections  cr( 0)  vs  0  were  obtained.  The  predictions  from 
Tai's  expression  are  plotted  in  Fig.  8,  where  the  experimental  data  are  also 
shown  for  comparison.  The  predictions  obtained  from  Chu's  expression, 
together  with  the  same  data,  are  plotted  in  Fig.  9.  In  both  figures,  the  ordinate 
is  the  absolute  backscatter ed  cross  section  in  dbsm  vs  the  aspect  angle  with 
respect  to  the  wire. 

The  results  of  Figs.  8  and  9  indicate  that  for  kf  =  11.7,  Tai's  expression 
predicts  the  correct  number  of  lobes  in  the  RCS  vs  angle  pattern  and,  within 
a  few  decibels  and  degrees  in  position,  the  magnitude  of  the  predicted  RCS 
agrees  with  the  data  except  near  the  nulls.  Chu's  expression  yields  results 
that  agree  very  well  with  the  data  only  near  broadside  (aspect  angle  near 
90  deg),  but  leads  to  very  erroneous  results  at  all  other  angles.  Chu's 
expression  for  all  the  other  wires  discussed  in  this  report  led  to  similar 
erroneous  results,  except  at  broadside  incidence. 
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A  further  test  of  Tai's  and  Chu's  expressions  is  obtained  by  using  the 

t 

parameters  of  Fig.  1  and  Table  1.  The  predicted  values  from  Tai's 
expression  are  shown  in  Fig.  10  and  those  of  Chu's  in  Fig.  11.  In  both 
figures,  the  data  have  also  been  plotted  for  comparison  purposes.  It  is  clear 
that  Chu's  expression  for  broadside  is  the  more  accurate  one. 

A  comparison  of  Eqs.  (1)  and  (2)  for  the  aspect  angle  0  =  90  deg  reveals 
that  Tai's  expression  at  broadside  reduces  to: 

c r  _  1  _ P(  4^ _ /  *  1  -  cos2kl\  ^  , .j . 

' 8in2M  ' 

and  Chu's  expression  reduces  to: 


tr 


Equations  (3)  and  (4)  at  0  =  90  deg  are  identical  except  for  the  second 
term  in  brackets  in  Tai's  expression.  Indeed,  it  will  be  shown  below  that  the 
correct  asymptotic  (ki  »1)  equation  that  one  obtains  from  Tai's  expression  at 
0  =  90  deg,  i.e.,  broadside,  is  Eq.  (4)  and  not  Eq.  (3)  as  published. 

A.  A  REVIEW  OF  TAI'S  THEORETICAL  EXPRESSIONS  AND  COMPARISON 
OF  PREDICTIONS  WITH  DATA 

According  to  Ref.  3,  Eq.  (26),  when  a  linearly  polarized  wave  with  the 
electric  field  in  the  plane  of  incidence  is  incident  broadside  (0  =  90  deg)  upon  a 
thin,  metallic  wire,  of  infinite  conductivity,  the  radar  cross  section  cr  is 
given  by 


(5) 
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where 


gQ  =  2(sinx  -  xcosx) 

2 

Yq  =  2cos  x(-  1  +  cos2x  -  jsin2x) 

+  j2cosx(xcosx  -  sinx  )^n4  +  £2  -  2L(2x) 

2tr£ 

x  =  =  — - — ,  2£  =  total  length  of  wire 

A. 


?  9 

n  =  2£n  — 
a 


a  =  radius  of  wire 

y 

1  -  e'ju 


^(y)  =  / 

o 

in(  y)  =  J 


o  u 

y 


du  =  Ci(y)  +  jSi(y),  for  any  variable  y 


1  -  cosu 
u 


du  =  £n(Yy)  -  Ci(y) 


Y  =  1.78 

Si  (y )  =  f  ^idu 
Jo  U 

Ci(y )  ~  lillX  £or  y  »  i 

y 

Si(y)  «  -  C<^S-  for  y  »  1 


Therefore , 


L(y)  ~  5n(Yy)  +  jyfor  y  »  1 
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When  x  »  1  and  x  ^  n^-  so  that  xcosx  »  sinx,  inserting  from  the  above 
definitions,  and  neglecting  higher  order  terms,  one  finds  that 


.  2  2 

4x  cos  x 


~  2  2  ^ 
^o  2cos  x(-l  +  cos2x  -  jsin2x)  +  j2xcos  x(fn4  +  -  2jfn2 yx)  +  2rrxcos  x 


Since 


then 


and 


Equation  (6),  derived  from  Tai's  own  general  expression,  is  identical, 
at  0  =  90  deg,  to  Chu's  expression,  Eq.  (4).  At  this  point  it  was  obvious  that 
the  complete  general  expressions  of  Tai's  derivation  should  be  used  rather 
than  the  asymptotic  expression  given  by  Tai.  However,  simplicity  of  his  long 
wire  expression  is  appealing  from  a  practical  point  of  view,  since  the  general 
expressions  are  rather  lengthly.  In  order  to  preserve  the  simple  expression 
of  Tai  (Ref.  3,  .Eq.  21)  a  simple  arbitrary  function/(0)  is  chosen  that  modifies 
the  second  term  in  brackets  of  Tai's  Eq.  (1),  and  modifies  it  only  near  broad¬ 
side  so  that,  for  ki  »1,  it  properly  reduces  to  Eq.  (4)  or  (6).  That  is 


/(e) 


2 

/sin (2k£cos0) \  .2  ,  „  „  , 

(  Zktcose  )  sin  e-  £or  k*  s> 


9 


where  f( 8)  =  1  for  all  values  of  0  except  for  0-— 90  deg,  where  f(0)— 0  near 
broadside.  The  new  expression  for  the  RCS  of  a  non-resonant  thin,  long, 
metallic  wire  may  be  written  as 

cr 

2 

\ 


Predictions  of  the  RCS  based  on  Tai's  modified  expression,  Eq.  (7), 
for  the  wires  described  in  Table  1,  are  shown  in  Figs.  12  through  17  together 
with  the  appropriate  data.  As  can  be  seen,  the  modified  Tai's  expression 
for  the  RCS  of  thin,  long,  nonresonant,  metallic  wires  predicts  the  RCS  vs 
aspect  angle  for  4.  5<k£<17  within  a  few  decibel  over  the  entire  aspect  angle 
variation,  except  near  the  nulls.  However,  for  k£^45.  7,  the  predictions 
vary  by  more  than  10  dB  from  the  measurements.  Since  the  modified  Tai's 
expressions  are  simple,  they  may  be  used  for  quick  and  fairly  accurate 
estimates  for  the  k£  values  given  above. 

B.  PREDICTIONS  BASED  ON  VAN  VLECK'S,  ET  AL„  EXPRESSION  AND 

COMPARISON  WITH  DATA 

The  expression  derived  by  the  above  authors  (Ref.  1)  was  one  of  the 
earliest  in  this  field.  Even  though  S.  Hong  (Ref.  4)  claims  Van  Vleck's  study 
to  only  be  applicable  to  short  wires,  our  experience  has  been  that  Van  Vleck's 
expressions  are  of  much  greater  general  validity  than  given  credit.  This  can 
be  seen  in  Figs.  18  through  23,  which  are  the  predictions  obtained  when  the 
parameters  of  the  wires  of  Table  1  were  used  for  the  predictions.  The 


PM 


TT 


(?)  ♦[M*HF!aS)] 


4 

sin  0 


|~1  +  co 
L  2cos 


s2e 


sin(2k£cos0) 


x/q\  cos(2k£  )cos(2k£cos0)  i 
•*'  '  sin2k£ 


1 
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cross  section  expression  of  Van  Vleck,  et  al.  (Ref.  1),  is  reproduced 
here  for  easy  reference.  Note  that  these  are  Van  Vleck1  s  approximate 
formulas . 


o'  =  4ttP(<$) 


(F1  +  F")  sin  2q £  +  2(G‘  +  jG")  cos(qf) 

q 


sin(q  +  P  )2 


q  +  P 


+ 


sin(q  -  P  ~|  +  2(H'  +jH")  sin(qj2) 

q  -  P  J 


sin(q  +  P  )  l  -  sin(q  -  (3  )(? 


q  +  P 


q  -  P 


where 


P($)  =  as  given  in  the  text 

n' 


F'  = 


(fi1)2  +  TT2 


F" 

. 

2G' 

2G" 

2H' 

2H" 

+(y) 

Z(y) 


TT 

(n')z  +  ^2 

=  2i°ge4-  >'is4 

^(pjg) _ TT  2G" 

4j2((3£)  +  Z2(  pj 2)  2 

=  Z(pf) 

V(p£)  +  Z2(p  2) 

_ ^(pjg-Tr/2) _ tt  2H" 

i|j2(P£  -  tt/2)  +  Z2(pje-Tr/2)  2 

_  _ Z(  pi-  tt/2  ) _ 

ip2(  P^-  tt/2)  +  Z2(|3l  -  tt/2) 

=  -  (n1  -  A  )  X  cos  y  +  (tt/4)  sin  y 

=  ( 1  /2 )  [ loge  (4  pi)  +  0.577]  siny  -  (tt/4)  cos  y 


(8) 
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A 

q 
P 
x 
2  i 

a 

e 

j 

As  can  be  seen  from  Figs.  18  through  23,  the  expressions  used  by  Van 
Vleck,  et  al.  ,  when  compared  with  the  data,  give  good  RCS  results  for  all  the 
cases  shown  except  for  end-on  incidence.  The  difference  between  data  and 
predictions  in  all  cases  is  within  4  dB  at  the  peaks  and  within  2  to  3  deg  in 
look  angle.  The  accuracy  in  the  nulls  is  not  quite  as  good.  Tai  and  Van  Vleck 
are  about  equally  as  accurate  at  the  lower  kf  values. 

C.  UFIMTSEV'S  SOLUTION 

The  RCS  of  long,  thin  wires  as  given  by  Ufimtsev  (Ref.  5)  is  taken 
from  Ref.  4  and  given  below.  The  predictions  based  on  these  equations  are 
compared  with  data  in  Figs.  24  through  29. 

1.  THE  CASE  FOR  0  f  tt/2 


=  -(l/2)[loge  (Pi)]  +  0.  712 

=  (3  cos  G 
=  2  it /X 

=  radar  wavelength 
=  total  length  of  wire  element 
=  radius  of  wire  element 

=  angle  between  line-of-sight  from  the  radar  to  the  wire  element 
and  the  axis  of  the  wire  element 

=  /7 


tr  (6, 4s  )/X2 


.  2 
tt  sm 


4  cos^  •  I  S( 8 )  | 2 _ 

e-sin2(26)  «n(vka2lsi^e)  I  4 
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where 


S(0)  =  -  sin 


•  4/0\  „  T  i 

m  (-=-)  •  i  n  - r - 

_Yka  sin  (0/2)  . 


+  e 


Yka  sin  (0/2) 
ikL<2cos0  4 


/e\  , 

i 

\2/  £ 

Yka  cos2(-|) 

_j_  eikL/(  1  +  cos  0  )#  2 


sin^^j  •4J_-  in 


Yka  sin  {— 


-  cos^^j  •  4J+-  in 


Yka  cos 

i_ 

+  tn  (^).  [eikL2(++)2  +  eikL2(1  +  cos  0) 

-  2  eikL(3  +  c»BO|.t  ;+.++] 

Y  =  1.  781 

* 


itr-  2£n(Yka) 


*n(w)- E(2kLi 


-i2kL 


4*  = 


iu  -  ln(Y  q±) 


in 


kL 


v2  2 
k  a 


±722 
k  a 


(1  TcosB) 


E(y)  = 


cos  t 


dt  + 


f 

/  S1I 


sin  t 


dt  -  i  tt/2 


D  =  1  -  • 


2  i2kL 


a 


radius  of  the  wire 


2. 


L  =  total  length  of  the  wire 

0  =  the  angle  between  the  propagation  vector  and  the  wire 

4>  =  the  angle  between  the  E  vector  and  the  wire 

THE  CASE  FOR  0  =  tt/2 


<r  (0  =  tt/2 ,4> )  A 


cos4*  X|g|2 


TT 


where 


S  = 


ikL 

2A 


-  ikL 


(+)2 


E(2kL)  ,  A  -  1/2 


2A 


^kL-^i3kL) 

A  =  en(vki) 

+  =  4^  (  0  =  tt/2) 


As  can  be  seen  from  Figs.  24  through  29,  Ufimtsev's  results  compare 
very  well  with  data  for  all  kf  values  considered.  However,  the  expressions 
are  complicated  and  the  modified  Tai  may  be  used  easily  for  the  smaller  kf 
values.  The  location  of  the  peaks  and  valleys  compares  well  with  the  data 
and  the  accuracy  of  the  predictions  is  comparable  to  that  predicted  by 
Van  Vleck. 


D.  SDI  TECHNIQUE 


The  SDI  technique  has  been  used  by  M.  B.  Associates  to  develop  a 
computer  program  designated  as  BRACT  (Ref.  7).  The  BRACT  program  uses 
the  numerical  solution  of  the  thin  wire  integral  equation  to  solve  the  complete 
electromagnetic  scattering  problem  for  arbitrary  wire  structures.  For  these 
arbitrary  scatterers,  the  program  setsiup  the  structure  matrix  relating  the 
incident  field  to  the  resulting  induced  currents  and  calculates  the  induced  cur¬ 
rent  distribution  on  the  scatterer.  The  currents  thus  obtained  are  used  to 
calculate  the  scattered  fields.  BRACT  is  designed  for  execution  on  the 
Control  Data  Computing  System  and  is  coded  in  FORTRAN  IV  as  released  under 
the  SCOPE  version  3.1.2  operating  system. 

This  program  was  used  to  calculate  the  RCS  of  long  wires,  using  the  data 

presented  in  Table  1.  The  results  are  compared  with  experiment  in  Figs.  30 

through  36.  As  can  be  seen,  the  calculated  values  for  all  values  of  k£  are 

nearly  on  top  of  the  data  except  for  the  two  cases,  k£  =  13  and  k£  =  34.  8 

where  the  differences  are  about  4  dB.  It  is  known  that  the  data  for  kf  =  34.  8 

is  in  error,  and  it  is  believed  that  the  data  for  kl  =  13  is  also  in  error,  since 

every  theoretical  technique  applied  gives  more  error  for  these  two  cases  than 

all  other  cases.  BRACT  was  also  used  to  calculate  the  RCS  of  a  wire  with 

-4 

kf  =  157,  X  =  2  cm,  and  a  radius  of  1.  52  X  10  m  («X).  The  results  are 
presented  in  Fig.  37. 

In  order  to  prove  the  accuracy  of  the  Ufimtsev  and  Van  Vleck  closed- 
form  expressions  for  very  long  wires,  the  RCS  of  the  long  wire  kf  =  157 
was  calculated  using  the  expressions  of  these  authors  and  the  results  are 
given  in  Fig.  38.  The  results  obtained  by  BRACT  and  the  results  obtained 
by  the  closed-form  expressions  are  nearly  identical,  being  about  1  dB  dif¬ 
ferent  at  the  peaks  and  following  the  dips  very  closely,  although  Van  Vleck's 
expression  predicts  much  lower  null  values  than  the  other  two  cases. 
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IV.  CONCLUSIONS 


The  comparison  of- the  results  of  the  calculations  with  measured  back- 
scattered  data  from  various* length,  -thin,,  cylindrical  conductors  shows  that, 
of  the  four  analytical  expressions,  Chu's  expression  yields  fair  RCS  agree¬ 
ment  with  the  data  only  at  broadside  incidence.  The  modified  Tai's  pre¬ 
dictions  at  all  angles  are  within  a  few  decibels  of  the  RCS  data  for  wires  of 

2tt£ 

4.  5  <  kf?  <  17,  where  k£  =  — — ,  Zi  =  total  length  of  wire,  and  X.  =  wavelength. 
For  larger  values  of  k£,  Tai's  expression  yields  predicted  values  which  differ 
from  the  data  by  as  much  as  10  dB.  Van  Vleck's  expressions  lead  to  predic¬ 
tions  that  are  within  a  few  decibels  of  the  RCS  data  at  all  angles  greater  than 
20  deg  from  end-on,  and  for  all  thin  wires  tested,  namely  k2  >  4.5.  Even 
end- on,  the  predictions  can  be  used  as  an  estimate  if  it  is  noted  that  the  RCS 
should  approach  zero  as  6-*-0.  The  predictions  from  Ufimtsev's  analytical 
expression  yield  results  that  are  no  more  accurate  than  those  of  Van  Vleck 
(except  near  end-on  incidence)  and  in  the  nulls.  Except  for  end-on  incidence, 
Van  Vleck's  approximate  expressions  are  as  good  or  better  than  all  others  if 
one  is  willing  to  let  the  RCS  approach  zero  at  end -on  by  using  the  shape  of 
the  last  lobe  in  the  pattern  as  a  guide.  In  Ref.  8  it  is  shown  that  the  deficiency 
in  Van  Vleck's  theoretical  predictions  at  end -on  are  associated  with  approxi¬ 
mations  as  published,  and  when  the  general  expressions  given  by  Van  Vleck 
are  used,  the  deficiency  of  the  theoretical  predictions  at  end -on  disappear. 

In  appendix  A  these  expressions  are  given  and  in  Fig.  39  a  comparison  of 
the  calculation  using  these  expressions  and  Eq.  (8)  is  shown  for  kf  =  13. 

The  BRACT  computer  program,  whose  results  are  most  rigorous, 
agrees  with  the  data  within  1  dB  and  ±1  deg.  The  analytical  forms  take  about 
one  minute  of  computer  time  to  yield  results  for  a  given  wire  for  all  angles  of 
incidence,  while  the  SDI  technique,  competitive  with  the  time  used  by  the 
programmed  analytical  forms,  takes  a  little  longer,  depending  on  the  length 
of  wire.  Moreover,  the  general  usefulness  of  BRACT  becomes  evident 
should  one  bend  or  distort  the  wire  under  consideration.  Then,  as  expected, 


the  analtyical  expressions  for  the  RCS  do  not  apply  to  the  new  configuration, 
whereas  the  BRACT  computer  program  is  flexible  enough  so  that  for  the 
most  complicated  configuration  of  a  distorted  thin,  metallic  wire,  accurate 
results  for  the  RCS  may  be  obtained  within  a  few  minutes. 
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ASPECT  ANGLE,  deg 


Figure  i.  Measured  Backscattered  RCS  for  Thin,  Metallic 
Straight  Wires,  kf  =  4.44,  Circular  Polarization 
(90  deg  corresponds  to  broadside) 
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Figure  2 


ASPECT  ANGLE,  deg 


.  Measured  Backscattered  RCS  for  Thin,  Metallic 
Straight  Wires,  kl  =  9.2,  Circular  Polarization 
(90  deg  corresponds  to  broadside) 
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Figure  3.  Measured  Backscattered  RCS  for  Thin,  Metallic 
Striaght  Wires,  kf  =  11.7,  Linear  Polarization 
(90  deg  corresponds  to  broadside) 
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Figure  4 
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Measured  Backscatte red  RCS  for  Thin,  Metallic 
Straight  Wires,  ki  =  13,  Circular  Polarization 
(90  deg  corresponds  to  broadside) 
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Figure  5.  Measured  Backscattered  RCS  for  Thin,  Metallic 
Straight  Wires,  ki  =17,  Linear  Polarization 
(90  deg  corresponds  to  broadside) 
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.  Measured  Backscattered  RCS  for  Thin,  Metallic 
Straight  Wires,  kf  =  34.8,  Linear  Polarization 
(90  deg  corresponds  to  broadside) 
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Figure  7.  Measured  Backscattered  RCS  for  Thin,  Metallic 
Straight  Wires,  kf  =45.7,  Linear  Polarization 
(90  deg  corresponds  to  broadside) 
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Figure  8.  Comparison  of  Tai's  Predicted  RCS  with  Measured 
Data,  k£  =  11.7 
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Figure  10.  Comparison  of  Tai's  Prediction  with  Measured 
RCS  Data,  kf  =  4.  44 
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Figure  13.  Comparison  of  Modified  Tai's  Prediction  with 
Measured  RCS  Data,  k£  =  13 
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ki  =  17 

ka  =  3.95  x  10"2 
scaled  to  A=  1  m 

(transmit  circular,  receive  circular) 

Predictions  based  on  modified  Tai 
shown  by  triangles;  University  of 
Michigan  data  shown  by  stars 


scaled  to  X  =  1  m 

(transmit  linear;  receive  linear) 

Predictions  based  on  modified  Tai 
shown  by  triangles;  MB  Associates 
data  shown  by  stars 
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Figure  18.  Comparison  of  Van  Vleck's  Predicted  RCS  with 
Measured  Data,  k#  =  4.44 
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Figure  19.  Comparison  of  Van  Vleck's  Predicted  RCS  with 
Measured  Data,  ki  =9.2 
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Figure  22.  Comparison  of  Van  Vleck's  Predicted  RCS  with 
Measured  Data,  kf!  ='17 
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Figure  23,  Comparison  of  Van  Vleck's  Predicted  RCS  with 
Measured  Data,  k II.  -  45,  2 
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Figure  32.  Comparison  of  BRACT  Calculated  RCS  with 
Measured  Data,  k£  =  11.7 


Figure  35.  Comparison  of  BRACT  Calculated  RCS  with 
Measured  Data,  ki?  =  34.  8 
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9.5 


APPENDIX  A 


The  expressions  for  monostatic  cross  section  from  a  generalized 
Van  Vleck  (Ref.  8)  theory  would  be 

cr(9)  =  X-  0  EE*  ( A  - 1 ) 

ttKK  1 


E  =  sin  2qj  _  (A  B)  sin  (p  +  %)  j 

1  cos  0  1  '  i  +  cos  0 

.  (A  -  B)  ?‘n  (6-~  t 

1  -  COS  0 

(A  -2) 

q  =  P  cos  0 

(A-3) 

(A-4) 

A  =  2K  cos  qf  "  (Delqi  +  Ge~iqfl 

2L  cos  pf  -  (Ee1^  +Fe"l|3i 


3  =  —  iK  sin  ql  -.(peiqi  -  Ge'lql)  , 

2iL  sin  Pf  -  (Ee1^1  -  Fe~lf3*) 

F  =  Cin  2pf  (A -7) 

E  =  F  -  Cin  4p?  -  iSi4pi  (A-8) 

G  =  F  -  Cin  2(p  -  q)i  -  iSi2(P  -  q)i  (A-9) 

D  =  F  -  Cin  2(p  +  q)f  -  iSi2(p  +  q)i  (A-10) 


A-  1 


1 


L  =  2  log. 


(¥) 


+  2  log  2  +  —  -  Cin  4(3  { 


Si4(3  i  + 


(cos  4fil  -  1) 


sin  4  |3f 
4  p| 


K  = 


21 


2  log2  1—1  +  2  log  2  +  —  -  Cin  2(  (3  +  q)f 


,  .  sin  2(  (3  +  q)l  sin  2(  (3  -  q)  jf 

C,n  2(P  -  ‘l'®  ~  2(P  iq)( - 2(P  -  q FT 


-  i  jsi2(|i  +  q)£+Si2(p  -  q)i  + 

[cos  2(  (3  -  q)  (  -  ill 

2(P  -  q)l  j 


[cos  2  (  (3  +  q)  l  -1] 
2((3  +  q)l 


Cin  x 


1  -  cos  y 


y 


dy  -  - 


o 


n  =  1 


i  i  vn  2n 
(  -  U  x 

2n( 2n) ! 


Si  x 


/x  co 

n=o 


n  2n+l 

(-1)  x _ 

(2n  +  1 )(  2n  +1)! 


=  length  of  wire 

=  radius  of  wire 

3  =  angle  between  the  propagation  vector  and  the  wire 

ft  =  angle  between  the  E  vector  and  the  plane  formed  by  the 
wire  and  the  propagation  vector. 
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not  accurate  except  at  broadside  incidence;  (3)  the  results  of  Tai  compare 
favorably  with  data  up  to  k i  values  of  about  17  if  corrections  are  made  to  the 
approximate  formulas  to  correct  for  broadside  incidence;  (4)  the  results  of 
Ufimtsev  compare  well  with  experiment  for  all  ki  values  considered;  and 
(5)  the  results  of  Van  Vleck,  et  al.  ,  appear  to  be  very  accurate  for  all  kf 
values  considered  except  for  near  end- on  incidence.  In  a  separate  report 
to  be  published  soon  one  of  the  authors  of  this  report  (M.  Tavis)  has 
shown  that  this  deficiency  is  due  to  numerical  approximations  in  the  . 
theoretical  expressions. 
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